Abstract
Introduction
The biggest challenge encountered in epidemiological studies that associate diet with chronic diseases has been the inaccuracy of dietary information collected using food frequency questionnaires (FFQ), 24-hour recalls (24hR) and food record 1 .
According to Freedman et al. 2 random errors in structured questionnaires are the principal cause of underestimating relative risk (RR) and the reduced statistical power of epidemiological studies. Furthermore, the tendency to overestimate or underestimate consumption can systematically distort the proportion of differences in the consumption of observed food groups 3 .
As a result of these errors, biochemical markers have been widely used both in validation studies (to assess the accuracy of traditional methods) and as a measure of intake, since any error presented is independent from the error inherent to traditional methods of evaluating dietary intake 4, 5 .
Although there are few biochemical markers that possess the ideal characteristics of dietary markers, studies suggest that serum carotenoids are potential biomarkers for the intake of fruits and vegetables 6, 7, 8 . A review of the literature investigated whether the concentration of carotenoids in blood can serve as a biological marker for the intake of fruit and vegetables. The literature indicates an association between intake of fruit and vegetables and the concentration of carotenoids, especially α-carotene and plasma total carotenoids 9 .
However, it is important to remember that serum concentrations of carotenoids are correlated with other factors, such as age, body mass index (BMI), triglycerides and cholesterol serum concentrations. These potentially confounding factors justify the necessity of validating this method as well as the more traditional methods 10 .
According to Hunter 5 serum concentrations of carotenoids depend not only on dietary intake of these components, but also on other concomitantly ingested nutrients. Fats and other liposoluble components favor the absorption of carotenoids, and fiber can compromise the bioavailability of carotenoids when consumed in excess.
To avoid the problem of correlated errors between repeated measurements, Kaaks 3 suggested a triangulation between the dietary information obtained from the FFQ, the reference based in multiple 24hR or food record and biochemical markers.
This approach, known as the "triad" assumes that random errors ε Β , ε Q and ε R , present in all three measurements, are independent considering that each measurement shows a linear relationship with the true dietary intake (T). As such, errors from the use of biomarkers should not be correlated with errors from the dietary measurements, and their sources should thus be distinct 3 .
Although the triad method was described as early as the 1990s, its application in validation studies of FFQ is scarce 11, 12, 13 . It is worth noting that validation of nutrient ingestion was prioritized in the studies in which this method was used 14, 15 . Therefore, the application of the triad method to validate food intake occurs very infrequently.
The objective of this study was to use the triad method to validate the intake of carotenoids, fruits and vegetables, as estimated by a food frequency questionnaire for adolescents from Piracicaba, São Paulo, Brazil. To calculate the sample size of cohort, the following information was considered: prevalence of overweight in a similar population (15%); odds ratio (OR) in population (1.6); type I error of 5% and type II error of 20%. The sampling procedure was simple random, stratified in series, conducted in two stages. More information on sample procedures was published in a previous study 16 .
Methods
Consent forms were distributed to all students at the 5 th and 8 th grade. A subset of 95 volunteer adolescents of both gender from a public school of Piracicaba participated of this methodological study. We used data from the baseline cohort conducted between August and October 2004. According to Cade et al. 17 the chosen sample should be representative of the principal sample (cohort) in the main study and should later be excluded for analysis. The choice of the school unit is justified by its central location, the heterogeneous characteristics of classes from 5th through to 8th grade and because it contains students from diverse regions of the city.
Exclusion criteria included caloric consumption greater than 7,000kcal (n = 1) 18 , lack of full anthropometric data (n = 1) and lack of information on serum levels of β-carotene (n = 13). In the latter case, data on β-carotene levels were unavailable for subjects because their blood was not drawn due to failure to return a consent form signed by the parents or guardians. Thus, the final sample size was 80 subjects.
Adolescents were invited to participate in the study. Only adolescents who produced an informed and willing consent form signed by their parents or guardians were included in the sample. This research was approved by the Research Ethics Committee at the College of Public Health of the University of São Paulo.
24-hour recall (24hR)
After training by a research group, the 24hR was applied by staff at two different time points, with an interval of 30 to 45 days, on non-consecutive days, adopting the step by step approach proposed by Thompson & Byers 19 . Days selected for data collection were randomly distributed in order to capture intake variations on weekdays and weekends. Pictures of household measures were used for specific information on portion sizes. Photographic material was prepared by the research group responsible for the study.
Food Frequency Questionnaire for Adolescents (FFQA)
The usual intake was evaluated through the application by trained staff of the semiquantitative Food Frequency Questionnaire for Adolescents (FFQA). The FFQA was validated for energy and nutrients by Slater et al. 20 and for food groups by Voci et al. 21 . Both of these previous studies produced satisfactory results.
The FFQA includes questions regarding the usual frequency of consumption of 94 food items during a six-month period. The portions presented in the FFQA represent the average consumption, in grams, of each food item. Food items are grouped according to physical characteristics and nutrient content per 100g. The possible answers in seven categories range from "never" to "twice a day". The construction of the questionnaire is described in greater detail by Slater et al. 20 .
The FFQA was administered in the form of a personal interview at a single point in time (the same period as the second 24hR).
Diet intake data processing
Using custom-made measurement tables 21 and standards from previous studies, we converted the data collected from our tables into units of weight and volume, in order to calculate daily intake from the 24hR. Preparations or foods cited that were not present in the tables or in existing documents were laboratory tested. The dietary intakes obtained from 24hR were calculated using NDS software (Nutrition Data System; School of Public Health, University of Minnesota, Minnesota, USA).
From the information obtained from the FFQA, the transformation of dietary intake frequency into a daily baseline was made possible using the Dietsys version 4.01 software (National Cancer Institute, Bethesda, USA). Data were entered in duplicate to eliminate any possible mistyping.
Total consumption of carotenoids was obtained from the sum of consumption of the following components: α-carotene, β-carotene, cryptoxanthin, lutein and lycopene.
Biochemical marker: serum b-carotene
Blood samples were collected in the morning after an overnight fast. Analyses of serum levels of β-carotene were performed from a 10.0mL blood sample. The sample collection was performed by a trained professional in a private location exclusively equipped for this purpose.
Blood was collected into vacutainer tubes containing ethylenediaminetetraacetic acid-EDTA (1.0mg/mL) as the anticoagulant and antioxidant. The samples were kept on ice and protected from light until the serum was collected. The following protease inhibitors were added to the serum: aprotinin (10.0mg/mL), benzamidine (10.0mM) and phenylmethylsulphonyl fluoride (5.0mM). The antioxidant 2,6-di-tert-butyl-p-hydroxytoluene-BHT (100.0mM) was also added to the serum. Plasma samples were stored at -70°C in amber-colored glass tubes to preserve the antioxidants of present interest.
Antioxidant measurements
The plasma concentration of β-carotene was determined by high-pressure liquid chromatography (HPLC) using UV-Vis detectors (retinol) (PDA Shimadzu SPD-M 10A VP, Japan). Antioxidant extraction was performed away from light with methanol: hexane (1:3, v/v), according to the protocol described by Moriel et al. 22 . The hexane phase was evaporated, and the residue was dissolved in the mobile phase for the later determination of antioxidants. All samples were filtered through a 13mm Millex polyethylene membrane with a 22.0µm pore size (Millipore, São Paulo, Brazil) and then manually injected into the chromatograph (20.0µL). The β-carotene quantification in the samples was performed using external standards composed of β-carotene (Sigma Aldrich, St. Louis, USA) to construct a multilevel calibration curve in the Class-VC 10 program, LC-work station. We used the chromatography system LC-10 AT VP (Shimadzu, Japan), with a C18 column of 5 microns and 100 angstroms, measuring 250 x 4.6mm (Varian Microsorb -MV, Varian, Lake Forest, USA). The mobile phase was composed of methanol:acetonitri le:chloroform (35:35:30 v/v/v) containing 20mm lithium perchlorate and was run at a flow rate of 1mL/min for 20 minutes. All analyses were carried out in duplicate.
Other data collection
We computed each adolescent's age from his or her date of birth and the date when the questionnaire was applied. Height and weight were measured by trained research staff to the nearest 0.1cm and 100g. We obtained these measures using standardized procedures. Anthropometry was performed without shoes or jackets. BMI was calculated as body weight (kg) divided by height (m) squared. Based on the BMI, the adolescent's nutritional status was classified according to the system proposed by the World Health Organization (WHO) 23 by sex and age. The Tanner maturation stage was assessed by a validated selfrating of sexual maturity that uses categories/ illustrations for secondary sexual characteristics as development of breasts and pubic hair in girls and the genitals and pubic hair in boys 24 . Data on anthropometry and sexual maturation were used only to characterize the sample.
Statistical analysis
We initially used the Kolmogorov-Smirnov test to evaluate the adherence of the results to a normal distribution. The descriptive analysis included the calculation of the central tendency and dispersion for the information gathered through the 24hR and the FFQA. For the analysis, data referring to β-carotene dosage were transformed using logarithms.
We used a paired Student's t-test to compare differences among the average intake of carotenoids, fruits and vegetables between the FFQA and the two 24hR. The Pearson correlation coefficient was calculated to evaluate the linear association among intake of carotenoids, fruits and vegetables estimated by both methods of dietary intake evaluation (FFQA and 24hR). Considering that the majority of variables did not show significant differences between genders, we chose to analyze the data without subdividing by this variable.
We calculated the partial correlation coefficient to evaluate the association among the intake of carotenoids, fruits and vegetables obtained between the FFQA and R24h and the serum β-carotene levels. Because serum concentrations of carotenoids can be influenced by factors such as fats, cholesterol, fiber and BMI, we adjusted for these variables in order to account for possible interferences.
The triad method was used to estimate the validity coefficient between the unknown true intake and the intake estimated from the FFQA, 24hR and serum β-carotene (Figure 1 ). The validity coefficient can be estimated from the following equations:
where, VC QT, VC RT 25 suggested that the estimate be interpreted as the upper limit, and that the correlation between the biomarker and the two methods of evaluating consumption be interpreted as the lower limit of the true validity coefficient (r QR) was estimated from the Pearson correlation coefficient, while the partial correlation coefficient was used for the estimate of (r QB ) and (r RB). This method has been described in further detail by Ocké & Kaaks 25 .
The 95% confidence intervals (95%CI) of the validity coefficients were calculated using the "bootstrap" method, in which 1,000 samples of equal size (n = 80) are generated randomly and with substitution 25 . The 95%CI were obtained from the 2.5 and 97.5 percentiles in the distribution of all the coefficients obtained in the 1,000 bootstrap samples. A program was written in MATLAB 7.0 (The MathWorks, Natick, USA) to calculate the 95%CI. Significance was set at the level of 5%, and all the analyses were performed using the SPSS software, version 15.0 (SPSS Inc., Chicago, USA).
Results
Of the 80 adolescents who participated in the study, 72% were female. The average age was 13.0 ± 1.1 years. Regarding sexual maturity, only 7% were considered prepubescent. Excess weight was present in 26% of the adolescents, with 19% overweight and 7% obese (data not shown in tables).
The intake of carotenoids, fruits and vegetables evaluated by the FFQA and 24hR is presented in Table 1 . Comparing the estimated intakes obtained by the FFQ and the 24hR, we observed that only the intake of carotenoids was greater when assessed by the 24hR (p = 0.02). Consumption of vegetables (p < 0.01) and fruits/vegetables (p < 0.01) was statistically greater when assessed by the FFQA. Regarding fruits, there was no significant difference between the estimated intake obtained from the FFQA and the 24hR. Table 2 presents the Pearson correlation coefficients between intake values from the FFQA and the 24hR and their confidence intervals. The values vary from 0.208 (carotenoids) to 0.373 (vegetables), and all are statistically significant (p < 0.05).
The partial correlation coefficients obtained between the estimated intake of carotenoids, fruits and vegetables and serum β-carotene levels are presented in Table 3 .
It is worth noting that, in general, the partial correlation coefficients were greater for the FFQA. The only exception was the carotenoids, which presented a slightly greater value in the 24hR than for the FFQA. The coefficients obtained between the β-carotene serum levels and the intake of fruits/vegetables was high for the FFQA (r = 0.235) as well as for the 24hR (r = 0.137). Table 4 presents the validity coefficients for the FFQA, 24hR and the β-carotene serum levels (biochemical marker).
The validity coefficients varied from 0.451 to 0.873 for the FFQA, from 0.362 to 0.461 for the 24hR, and from 0.168 and 0.363 for the serum β-carotene. The observed validity coefficients for the estimated intake of fruits, vegetables and fruits/vegetables from the FFQA was greater when compared with the values obtained from the 24hR and the β-carotene serum levels. Validity coefficients obtained from the vegetable group showed the highest variation of amplitude, representing the greatest validity coefficients for the FFQA and the lowest value for serum β-carotene values.
Discussion
The FFQ is one of the most commonly used instruments in the majority of large-sample studies in nutritional epidemiology. The FFQA was previously validated for nutrients by Slater et al. 20 and calibrated by Voci et al. 26 . These studies proved that the FFQA is a reasonably accurate tool. The validation of this same instrument for food groups was conducted by Voci et al. 21 using the same calibration sample as that used for validity testing for nutrients and in the same sample as that used in the present study. The number of individuals that constituted the sample in the study of Voci et al. 21 was greater than the number used in the present work, although the validation method did not use a biomarker. In this study conduced by Voci et al. 21 the adjusted correlation coefficient for fruits, vegetables and naturals juice were 0.75, 0.68, and 0.62 respectively.
The validation method used in this study has also been utilized by other authors. Bhakta et al. 27 used biomarkers and the triad method to investigate the relative validity of the FFQ in estimating the intake of phytoestrogens in Asian women. Multiple 24hR were used (average of 13 evaluations) as a reference method. The bootstrap sampling method was also used.
In a study performed in Costa Rica, Kabagambe et al. 15 also used the triad method and estimated 1,000 samples of equal size using the bootstrap method to estimate confidence intervals for the validity coefficients. However, the authors also adjusted the correlation coefficients using the quotient of the variances (correction by intrapersonal variability).
We can compare the correlation coefficients obtained between the two methods of dietary evaluation with those presented by Andersen et al. 11 between FFQ and records with food weights (varying from 0.33 to 0.45 all significant), which were unadjusted for intrapersonal variability and for energy; it is apparent that, except for the values obtained for vegetables, all correlation coefficients obtained using the two methods of dietary evaluation were smaller. Regarding calculated coefficients for serum β-carotene and the dietary variables of the FFQ, Andersen et al. 11 obtained greater correlations with their methods; indeed, only the correlation coefficients for fruits were equal to those presented in this study. * Partial correlation coeffi cients adjusted for BMI, total fat, total cholesterol and fi ber; ** Confi dence intervals estimated using the bootstrap method.
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Bhakta et al. 27 observed that the vegetable group (including prepared foods with vegetables) and the bread group were responsible for about 95% of intake of all phytoestrogens. In addition, the correlation between serum phytoestrogens and dietary variables was lower for the FFQ than for the 24hR in their study. However, in the present study, the coefficients obtained for the FFQ were greater than for the 24hR. Bhakta et al. 27 also claim that FFQ possibly overestimated the consumption of some food groups, namely the quantity of phytoestrogens supplied in the bread, fruit and fruit juice food groups. This overestimation may be the result of large portion size and a greater frequency of consumption.
According to Willett 28 , the problem of overestimation in the frequency of intake occurs particularly for the fruit group when it is estimated using the FFQ, while the reference method tends to show an underestimation. The overestimation by the FFQ in relation to the reference method was also reported by Brunner et al. 29 and Kabagambe et al. 15 .
The correlation coefficients obtained by Kabagambe et al. 15 for the two dietary methods varied from 0.44 (lycopene) to 0.57 (zeaxantine and lutein). The partial correlation coefficients between the serum biomarkers and the 24hR varied from 0.35 (beta-carotene) to 0.45 (lycopene). For the FFQ, the partial correlation coefficients varied from 0.26 (lycopene) to 0.58 (beta-cryptoxanthin).
The correlation coefficients calculated between dietary carotenes adjusted for energy and serum β-carotenes showed that the intake of carotenes was better estimated by the FFQ than by the reference method in the Brunner et al. 29 study. In the present study, the calculated coefficients between the biochemical marker and the dietary carotenoids were practically equal in both methods (close to 0.09). In the study by Brunner et al. 29 , the correlation between serum β-carotene and dietary carotene was approximately 0.2. It varied from 0.35 in males to 0.37 in females in both methods, which are values greater that the ones in the present study.
According to Kaaks 3 the correlation coefficients obtained between biomarkers and the estimated intake values from the FFQ are generally smaller that 0.40 due to interference. This interference may be exerted by factors that disrupt the absorption of these nutrients, as well as metabolism and physiological regulation; thus, facilitating random variability not related with true dietary intake. It is possible that the results presented in the present work have been influenced by these interferences, since the partial correlation coefficients were very low.
Regarding the validity coefficients observed by Andersen et al. 11 , the values obtained varied from 0.07 to 0.26 between the serum β-carotene and the total intake of fruits and vegetables. While the greatest validity coefficient observed by Andersen et al. 11 was for the intake of vegetables obtained by the reference method and serum β-carotene, the present study revealed that the validity coefficient was the greatest between the biomarker and vegetable intake as assessed by the FFQA. This result was unexpected, since greater accuracy was expected for the reference method. These data could be explained by the fact that the FFQA shows fruits and vegetables rich in total carotenoids (such as lycopene, alpha-carotene, beta-carotene and xanthines). In addition, the intake of vegetables was greater when assessed by the FFQA. Other authors have presented correlations between 0.31 to 0.45 for the intake of these food groups and serum β-carotene 9, 30, 31 .
Similar to what was observed by Andersen et al. 11 the validity coefficients for the biomarker Table 4 Validity coeffi cients and 95% confi dence intervals (95%CI) for the intake of carotenoids, fruits and vegetables estimated by the Food Frequency Questionnaire for Adolescents (FFQA), the 24-hour recall (24hR), and the β-carotene serum levels as a biomarker for carotenoids, fruits and vegetables. were lower than those observed for the dietary variables. Bhakta et al. 27 also found that validity coefficients for biomarkers were lower than those obtained for the FFQ and the 24hR. Regarding the calculated validity coefficient for the dietary intake methods, Ocké & Kaaks 25 obtained strong results for the FFQ. The validity coefficient observed by Kabagambe et al. 15 for serum β-carotene and dietary variables was 0.50 for the biomarker, 0.71 for the 24hR and 0.76 for the FFQ.
Kabagambe et al. 15 obtained strong validity coefficients using the FFQ, suggesting that it is a valid method for dietary evaluation. For beta-cryptoxanthin and lycopene, validity coefficient values by FFQ were greater or comparable to those obtained by the biomarker, suggesting that the FFQ and the biomarker are comparable. The Ocke & Kaaks 25 study used a sample size of 61 individuals and produced validity coefficient values of 0.44, 0.58 and 0.32 for the FFQ, 24hR and biomarker, respectively. These results demonstrate that the biomarker coefficient was the lowest in those studies.
In another study conducted by Daures et al. 32 (with a sample size of 87 individuals), the validity coefficient values observed were 0.39, 0.52 and 0.85 for the FFQ, diet records and serum β-carotene, respectively.
The discrepancies between the results in the cited studies could be consequences of differences in reference methods used, different structures of the applied FFQ, differences in sample size or differences in the populations being studied 15, 27 .
In addition to accuracy, another aspect to be discussed in validation studies is the level of precision of the estimate. In general, this is expressed by the 95%CI and is not simply an attempt to estimate the coefficient without bias. The technique most often used to calculate the 95%CI for the validity coefficient is the bootstrap technique 14, 15, 16 . According to Hair et al. 33 bootstrapping is a non-parametric re-sampling technique that uses the original data to generate hundreds of samples with the same "n" as the original sample (80 adolescents in the present study). Thus, as observed in this study, the lower the generated bivariable correlation between studied variables, the greater the 95%CI (for example, the carotenoids).
Methodological limitations Daily fluctuations
Some of the partial correlations found in this study are similar to those found in the literature 11, 12 . However, contrary to what was observed in the referenced studies, we did not find any negative correlations. This situation would prevent the estimation of a validity coefficient, since this method requires the application of a square root.
It is possible that the validity coefficient presented in this study is also overestimated as a consequence of probable correlation between the evaluation methods of dietary intake.
In contrast, we observed very low correlation values, probably due to daily fluctuations in the diets of the adolescents. One plausible explanation for these observations may relate to the rural characteristics of the city of Piracicaba; the city offers many options for fruit consumption, especially during harvest time. Increasing the sample size could diminish or control these fluctuations.
Several authors have noted that serum levels are also influenced by day-to-day fluctuations and individual variability 34, 35, 36, 37 . Therefore, carotenoid levels from a single blood sample cannot accurately determine the usual intake of these nutrients. This type of error can attenuate the correlations observed between intake and biomarker.
Theoretical assumptions
Validation through comparison of imperfect methods requires that some statistical estimates be assumed, such as the independence from the random errors between all three measures of validations 38 .
Most studies present results on relative validation, using 24hR as the reference method. This fact has been constituted as an important limitation, since the types of errors can be correlated, so they are not independent errors 39 . Another recent study conducted with schoolchildren presents validation results of a questionnaire on the day prior (QUADA-3) in relation to direct observation conducted by trained researchers, avoiding the same sources of errors. However, the instrument represents the present day and carries out a qualitative assessment of the consumption of individuals aged between 6 and 11 years 40 .
However, Kaaks & Ferrari 38 assert that violation of the assumption of independence of random errors, implicit in the correlations between pairs of instruments, is due to the fact that each of the instruments used describes the same latent variable. In this sense, the choice of biochemical markers is of interest in validation studies, since this will present a true independence from random errors between the methods of dietary measurement 25 .
According to Kaaks 3 , when the assumption of independence between the errors of the two methods of dietary evaluation is violated, the correlations among the FFQ, the 24hR and the true diet are probably overestimated. Generally, the correlations between the FFQ and biomarkers are low. For this reason, it is advisable to undertake the triangular analysis incorporating dietary reference measurements (24hR or diet diaries).
Values greater than 1.0 and negative coefficients Bhakta et al. 27 point to the existence of technical difficulties in their study, with one of the difficulties being validity coefficient values greater than 1.0 (Heywood cases).
Negative or very low values can generate validity coefficients greater than 1. In this case, values greater than 1 are commonly known as a "Heywood case", which can occur when the product of the bi-variable correlation (r QR = 0.32 * r RB = 0.27) is greater than the third (r RB = 0.05). In this case, validation coefficients are commonly accepted 3, 25 .
One other explanation for the occurrence of the "Heywood case" is primarily due to the violation of one or more assumptions in the method of triads, as a result of using measurement instruments that possess the same source of error 3 .
In the present study, we did not observe negative values or values greater than 1.0.
Final remarks
Kabagambe et al. 15 concluded that the performance of the biomarkers used in their study was not better than that obtained with the FFQ. Based on this finding, they determined that biomarkers should be used as an additional method of dietary intake evaluation and not as a substitute.
However, Yeum et al. 7 and Broekmanns et al. 6 claim that due to errors associated with traditional tools, controlled diet studies suggest that the plasma β-carotene is a potential biochemical marker for the consumption of fruits and vegetables.
Conclusion
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